The results of collaborative research and development, funded under the LINK Collaborative Research scheme, with academic organisations, manufacturing industry and end-users all playing a part, were described in verbal presentations and poster sessions. There were excellent opportunities for networking between the formal presentation sessions so that the delegates could benefit from discussions with others working in different fields but experiencing the same or similar problems and enabling useful cr-oss-fertilisation between different subject areas. The highlights of the day's programme are given below.
Introduction
The three wide-ranging verbal presentation sessions demonstrated the excellent level of co-operation between industry and acadernia in projects supported by the Link Sensor and Sensor Systems for Industrial Applications programme (S3IA), funded by the DTI and the EPSRC. Nine projects were presented verbally with information on twenty others shown at a Poster Session. Information sheets on all projects supported by S3IA were included in the Event documentation.
Link S31A Programme
The Link S3IA programme, which was instituted to promote and encourage the application of sensor technology across industry, is jointly funded by the DTI and the EPSRC. This programme supports pre-competitive research and development projects between academia, manufacturers and end users. New technologies and novel applications of known technologies are both supported and the programme embraces not only individual sensors but also sensor arrays and systems with associated signal processing and data fusion. Twenty-six projects are supported, with four other applications under consideration, the total project costs amounting to £12.2M. The first project commenced in December 1997.
Session One
The first session was chaired by Terry Wilkins and opened with a Keynote Address followed by five presentations describing sensor projects.
In the Keynote Address, Robert Bogue of Robert Bogue and Partners reported on a study, commissioned by the DTl in 200 I, of the scope and nature of exploitable advanced sensor research and development at UK universities. The work of some 60 research groups at 32 universities was considered. A very broad range of sensor technologies was covered. Physical sensor techniques encompassed imaging and radiation sensors, optical, silicon, microengineering, magnetic effect and resonant and acoustic sensors. Gas sensor technologies included solid electrolytic, metal oxide, organic film, and optical sensors and electronic noses. Much of the research involves new advanced and "smart" materials and fabrication techniques and research into previously unused effects, illustrating the transfer of knowledge from pure research into the applications area. In his conclusions Mr Bogue stressed the level of technological diversity of sensors and the importance of materials and fabrication techniques. He also stressed the importance of science and technology transfer between disciplines. Much R&D is aimed at industrial requirements so that there are good prospects for exploitation and this has led to considerable and increasing industrial collaboration with a growing number of university spin-off companies being set up.
Steve Shedlock of Newcastle University described a civil engineering and environmental project, HORSA, in which horizontally polarised shear-wave sources are used to determine site characteristics, where strength discontinuities and the possibility of contaminant transport are of importance. The work is being carried out in collaboration with Soil Mechanics and GDS Instruments. HORSA relies upon the transmission of a seismic signal to investigate sub-surface ground conditions. The signal amplitude and transmission velocity are modified by the nature of the transmission path and inspection of the received signal allows derivation of information on the geo-mechanical properties of the ground as well as the presence of hazards such as voids and shafts. The HORSA downhole sonde is 70mm in diameter and 1300mm long, weighing 5kg while the control unit weighs 7kg so that portability is good. Using the HORSA shear wave data in conjunction with compression wave data will enable more efficient and cost-effective ground surveys. Tomographic images illustrate the complex nature of the ground and show discontinuities and variations in porosity, which could have detrimental effects in the progress of engineering work.
A new CO 2 sensor is under development in the APoSTLES (Amaranthine Potentiometric Solid State Toxic Gas Low Energy Sensors) project, a collaboration between Alphasense Ltd, Crowcon Detection Instruments Ltd and the University of Strathclyde, which was described by Professor Michael Hitchman of the University. The most common form of low-cost solid-state gas sensor is based on MOS technology and although such sensors are manufactured in large numbers, they exhibit shortcomings which remain to be overcome. The use of solid-state electrochemical techniques operating at low temperatures could enable low-cost manufacture, low power operation, improved selectivity and long sensor life and in this project a sensor for CO 2 monitoring based on potentiometry has been developed. Prior to this development, such sensors were based on alkaline metal ion conductors and operated only at elevated temperatures; and problem areas were the choice of reference electrode material and sensitivity to the moisture content of the gas under test. The new sensor uses silver salts having high ionic conductivity under normal ambient conditions thus allowing operation at lower temperatures and removing the need for a reference gas. Tests have shown that the instrument has a linear response to 10% CO 2 with a 90% response time of, typically, less than two minutes. The effect of change in relative humidity over the range 0 to 60% is negligible. Work to allow the instrument to be used for the measurement of concentration of other gases is in hand.
Dr Keith Pratt of University College, London, described NOVOZONE, a project aimed at the development of a hand-held battery-operated instrument for measuring ozone levels. Instruments used commercially to measure ozone concentration are based on DV absorption, which allows accurate measurement with good long-term stability and selectivity, but are expensive, fragile and heavy. Solid-state metal-oxide-based sensors are low in cost and are small and robust but have poor selectivity and are slow in response and prone to long-term drift. A model for sensor response and drift has been developed to enable signalprocessing requirements to be determined. Battery life has been extended by the development of a low-power sensor and by the use of intermittent sensor operation. Problems associated with the initial bum-in time and slow response of the sensor have been overcome using a temperature cycling technique in which the sensor is reset at a higher temperature before each measurement. Prototype instruments are undergoing field trials and are demonstrating performance as good as UV analysers. In aspects such as physical size, weight, cost and warm-up, time the new Dr K Persaud ofUMIST described a hand-held electronic nose being developed in conjunction with Terminix Ltd for the detection of wood decay in building timbers. The wood decay fungus commonly known as dry rot can attack building timbers and cause extensive damage, even compromising building safety. The fungus grows readily below floors, behind panelling and in plaster and masonry so that early detection is difficult. Early diagnosis of a fungal attack would enable the costs associated with fungus elimination and building repair and the disruption to building occupants during corrective work to be minimised. The odours emitted by the fungi responsible for wood rot contain volatile organic compounds, some of which give an indication of the type of fungus involved. A portable electronic nose has been developed and can be used on-site by building surveyors. The instrument is based on the use of an array of MOS sensors coupled to a data acquisition system, an external computer being used for data analysis.
Solid-phase micro-extraction fibres, 10mm long, are used to adsorb organic compounds, either from an aqueous solution derived from the sample or directly from the atmosphere in the zone investigated. The fibres are then transferred to the detector instrument where the target substances are thermally desorbed from the fibres in the presence of the detector array. The sampling system and the detector instrument have been shown to operate successfully under a range of site conditions and analysis of the results obtained suggests that dry rot may be satisfactorily identified. The tests have suggested that increased sensitivity to the volatile organic substances of interest may be attained by the use of appropriate adsorbent fibres.
A non-intrusive system for inspection of the refractory linings of blast furnaces was described by Dr Andy Boston of the University of Liverpool. In blast furnaces, chemical reactions take place at high temperatures, and have life expectancies of 10 to 20 years. Lifetime is limited by wear of the carbon -refractory linings used to protect the external structural shell of the furnace from the heat of the reaction. Failure of the lining can be rapid and dangerous. Accurate monitoring oflining thickness would allow optimisation of the production process, increasing furnace output while reducing product costs. The capital investment associated with furnace refurbishment could be deferred without compromising safety. In this project, a collaboration between Corus Ltd, John Caunt Scientific and the Universities of Liverpool and Surrey, techniques for nonintrusive determination of the carbon lining thickness are being investigated. Simulations of blast furnace environments have been carried out to investigate neutron-gamma scattering and cosmic events and neutron-gamma interaction. The simulations indicate that several approaches may be used to provide information upon lining thickness in the area of most interest, around the furnace taphole. Experimental work to verify the results of the simulations is in hand and early measurements are promising.
Session Two
The second session was chaired by Professor Peter Payne of UMIST, the Keynote Address being given by Peter McGeehin, Chairman of the Foresight Sensors Task Force. This was followed by descriptions of two S3IA projects.
In his address Dr McGeehin described the Task Force and its objectives which include anticipation of future needs (2015-2020) and identification ofthe strategic directions in which the national technological effort should move to increase prosperity and increase the quality oflife. Areas identified as increasing users of sensor technology in the future include the ageing population, crime prevention, healthcare, defence, aerospace as well as the manufacturing industry. The task force takes the form of a small panel with seven members, each having interests and experience in different industry and research areas. The task force will make considerable use of consultation with industry and organisations such as the EPSRC, lEE, GAM-BICA, etc. There will be a public consultation meeting in March 2002, before the final report is produced.
Dr McGeehin said that the UK had under-performed at recent sensor conferences and suggested that EPSRC funding had lacked co-ordination. Only 11 % of grants had been allocated for work on sensor components, which were responsible for 90% of market value, whereas 50% of grants had been allocated for work on sensor sub-systems, which were responsible for only 2% of market value. He highlighted the value of sensors to the UK economy (sales £5billion, 60% exported and 15% positive balance-oftrade) pointed out that sensor development is largely a small company activity and pointed out the advantages of using a component approach to sensor design. This would lead to focus on reliable sensors that would require a minimum of signal processing to produce the required signals.
Dr J Sheikh-Ibrahim of Loughborough University described a project concerning Aircraft Tyre Examination using Optical Strain Sensors (AIRTEST). Aircraft wheels and tyres are increasingly required to be less heavy yet more robust so that aircraft operating costs are reduced. At the same time, radial-ply tyres are replacing cross-ply tyres. Since wheels and tyres are safety-critical elements of an aircraft, structural integrity of the components must be monitored and manufacturing defects identified. The AIRTEST project brings together researchers from Loughborough University, Dunlop Aviation Braking Systems Ltd and Laser Optical Engineering Ltd to develop a non-contact optical sensor system for the measurement of deformation and the detection of defects. The sensor system is based on speckle shearing interferometry using CW and pulsed laser illumination and has been designed to allow use in the Dunlop test facilities. Static and dynamic wheel and tyre deformation under complex loading conditions are measured, the data being used with finite element models of wheel designs for model verification and test.
Dr Lisa Hall of the University of Cambridge described the "Baroxymeter" project in which a fast respirometry instrument has been developed for the water industry. The instrument is completing its pre-production development and testing. The requirement in this project was to develop a portable analysis system for the detection of toxicity in influents and effluents for the control of waste treatment plant and for environmental protection monitoring. The project consortium includes Cambridge University, two water utilities (Yorkshire Water and Severn Trent Water), an independent consultant company (Manard Projects) and Biosynergy (Europe), a company skilled in the production of biological materials. The Baroxymeter works by monitoring the respiration rate of a bacterial culture similar to that present in a sewage treatment plant. The instrument allows very rapid assessment of toxicity; it is portable and may be used to give indications of the presence of toxins within minutes. Portability allows the instrument to trace contamination back to its source.
Session Three
This session was chaired by John Saffell and commenced with a Keynote Address, "A vision of sensors for the future, an industrial point of view -where are we going?" given by Professor Derek Sheldon. This was followed by presentations describing two S3IA projects.
Professor Sheldon described the present state of the art in sensor development, and defined five classes of sensor technology according to the nature of the measured quantity: dynamic, optical or electromagnetic, energy or thermal, chemical, and sensory or biological. He stressed that sensors are used in all industries and affect all aspects of everyday life but that developments in the field have lagged behind those in microelectronics. Sensors represent a key strategic industry for the UK in the 21 st century and this will rely upon good collaboration between industry and academia.
Professor Sheldon saw areas of advance in miniaturisation, improvement in quality and reliability with improved functionality but reduced cost, with increased use in the areas of predictive maintenance and condition monitoring, fault analysis, and health and safety. He suggested key sectors for increased sensor use were in the manufacturing, automotive and aerospace industries, in bio-engineering and in intelligent buildings and environmental control. Example applications in these sectors included the use of vibration sensors for monitoring tool wear and condition in machine tools, drive-by-wire vehicles, advanced embedded airframe condition monitors, photo-receptors embedded in the retina to provide rudimentary sight to the blind, and smart robotic household equipment. His lO-year vision suggested an immense scope for sensors over the next decade with the achievement of low-cost nanosensors, the adoption of smart microsensors into all industries and walks of life.
Dr B Grieve described the PROCEMON project in which electrical resistance tomography is applied to largevolume production pressure filters. The project, only recently authorised, involves Sygenta Ltd and the Departments of Chemical Engineering and of Electrical and Electronic Engineering at UMIST. At present, pressure filter monitoring is either manual or inferential and this project involves increasing the understanding ofpressure filter processes and developing closed-loop controllers for the process. Because most high-pressure process vessels are in hazard areas, the electrical tomography system must meet the necessary safety codes. The major challenges to be met in the project were associated with electrode geometry and design, materials, and cable entry to the pressure vessel. The pressure vessel used was part of a manufacturing system and was only available off-line for four days per year so that component design had to be "right first time". The instrumentation has been installed in the pressure vessel and is operating and collecting data.
The final presentation, by Dr R Freemantle of NDT Solutions Ltd described the UWASI project (Ultrasonic Wheel Array Sensor Instrument) in which the project part-
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ners are Airbus UK Ltd, Dynamic Imaging Ltd, NDT Solutions Ltd and the University of Bristol. Expertise in ultrasonic medical imaging, in digital data processing and in the use of novel scanning probes using ultrasonic phased arrays has been brought together to enable the development of a large-area, real-time scanning system for the inspection of aircraft wing structures. Ultrasonic non-destructive testing is used to detect defects in engineering structures including spot welds, adhesive bonds and composites. Voids, cracks and corrosion can be detected. The system uses a phased ultrasonic array, the coupling between the array and the tested structure being via a roller or wheel providing reliable coupling over a 52mm x IOmm area with low contact pressure. The array head incorporates a position encoder. A computer-based data analysis and display system is used to allow rapid inspection of large areas.
Poster Presentations
Details of twenty projects supported by S3IA were given in poster presentations and these reinforced the views expressed by Keynote speakers on the great diversity of sensors, sensor techniques and the underlying sciences. The demand for low-cost, rugged and reliable sensors of long life was also clear from consideration ofthe exhibits.
Conclusion
At the end of the formal presentation there was a short final discussion with the Session Chairmen and Keynote Speakers on the platform but with lively input from the floor. Two topics dominated the discussion and it was clear that opinions on these were divided.
There was a suggestion that support for university research by the EPSRC was over-concentrated in sensor systems and the associated signal processing systems, with little support being given to single-sensor research and development. This was believed to be a result of the strength of signal processing systems and their ability to derive useful information from the data generated by relatively poor sensors. A view expressed was that more work should be done on improving the capabilities of the basic sensors so that less data processing was necessary, and that EPSRC should look to providing increased support to work in this area.
It was also suggested that the very breadth of sensor technology resulted in project support being thinly spread and that any future support programme should be more tightly focussed. There was considerable disagreement with this viewpoint; it was suggested that there was a strong possibility that the panel deciding on the areas for support would make wrong choices so that the available funding would be less usefully spent than under a broadbased support scheme.
The SITT Event demonstrated clearly the very great industrial need for sensors and sensor systems and suggested that the United Kingdom is among the leaders in the field. Delegates found the Event of great value with spin-off resulting from contact with researchers working in other areas of sensor technology.
